An important criterion of the efficacy of a drug is its ability to traverse barriers in the animal body. Potential barriers may be either physiological, such as the lining of the body compartments and the blood-brain barrier, or those induced by disease. The latter afford an important test for the evaluation of antimicrobial agents. In a general sense, most in vitro tests put to new drugs are performed under optimal physical conditions, as of temperature and pH, or are pharmacological experiments performed in the healthy body. There is an obvious interest in making test observations under conditions which simulate disease states and, in the case of antimicrobial drugs, inflammations.
Abscess walls, the vegetations of subacute bacterial endocarditis, exudates, and necrotic material are classic examples of host reactions to parasitism that conceivably might impede the transport of drug to invading microorganisms. For the most part, the judgment concerning a drug's ability or inability to penetrate into certain types of lesions is derived from the empirical clinical evidence that it is able or unable to control infections that are characterized by these types of lesions. In considering the many factors and uncontrollable variables involved in any host-drug-parasite relationship, it becomes apparent that this reason- ing is superficial at best. The difficulty of making precise and pertinent measurements in patients suggests a need for experimental approaches to studies of the transport of antimicrobial substances across inflammatory barriers.
Considerable evidence indicates that foreign particles tend to localize in areas of inflammation in experimental animals (1) (2) (3) (4) . Markham and Florey have mlade ol)servations on the penetration of carbon particles inside lutng tubercles (5) . In the coutrse of experimients concerne(l witlh the filtratinig anid dialyzing properties of a thini fibrin meml)rane constructed from pooled human plasma, it was observed that large blood proteins were unable to penetrate this barrier, whereas such substances as trypan blue, gentian violet, and staphylococcal and diphtheria toxins did penetrate it (6) . Poor penetrating qualities of sulfanilamide, sulfapyridine, gentian violet, and merthiolate were observed in experiments involving fibrin clots and fibrin platelet membranes made from dog blood (7) .
In experiments with fibrin-agar plates, it was observed that penicillin readily diffused into both fibrin and agar, whereas sulfathiozole and sulfadiazine diffused into agar but not fibrin (8) .
In studying the diffusion properties of penicillin with a membrane constructed by combining crystallized fibrinogen and pure thrombin in solution, it was noted that these characteristics varied with the concentration of penicillin used and the thickness of the membrane (9) . Weinstein, Daikos and Perrin inserted fibrin clots into subcutaneous tissues of rabbits, administered intramuscularly various doses of penicillin, removed the clots and obtained blood samples over a 12 hour period (10) . The results of analysis of the clots and sera demonstrated that the height and persistence of penicillin concentrations in the clots were proportional to the dosage of the penicillin administered. When localized aseptic inflammatory reactions were produced with turpentine in rabbits, good penicillin concentration levels were observed in the exudate within one-half hour after intramuscular administration of the drug (11) .
As was demonstrated in the studies with subcutaneous fibrin clots in rabbits, it again was observed that the height of the penicillin concentrations and the persistence of detectable amounts varied directly with the administered penicillin dosage.
A metho(d was devised for localization of bacterial populatiosii in tilueniriche(d agar (liscs which were stuccessfullvy maintained in the peritoneal cavities of animial hosts for varying periods of time (12) . As Six to eight 5-ml agar discs were introduced into the peritoneal cavity with care to ensure the contact of the flat surfaces of the agar discs with the peritoneum and to prevent-apposition of the discs with each other. In one set of experiments after all of the discs had been inserted, the animals received an intravenous dose of penicillin. Specimens of blood were obtained by intracardiac puncture, and agar discs were removed at various intervals during the 24 hour period after drug administration. After the 6 hour specimens had been obtained the wounds were closed and the animals were allowed to regain consciousness. The animals were reanesthetized and new incisions were made at 24 hours. In order to prevent dehydration, the animals received by gavage 50 ml of 10 per cent glucose in 1 per cent saline at 4 and at 24 hours after the start of the experiment.
In another set of studies, blood samples and 1 or 2 discs were removed at various intervals up to 28 days after implantation. In these studies, penicillin or streptomycin was administered intravenously 2 hours before removal of the discs and blood sample. When two discs were removed in the study, one was prepared for microscopic examination. The other disc and blood sample were assayed for antimicrobial drug content. After removal of the discs the animal was allowed to recover to be used at a subsequent study interval. The formed membranes surrounding the removed discs were carefully scrutinized to be assured that they were intact.
Assay for antimicrobial drug content. The blood was allowed to clot for 1 hour at 40 C and the serum was removed after centrifugation. After removal of the formed membranes the discs were diced with a sterile spatula and the resultant mass transferred to large test tubes containiing an equal volume of broth. After vigorous shaking the tubes were incubated at 370 C for 1 hour to permit equilibration of drug. Microbiological assay was carried out by means of a fractional dilution technique capable of detecting smaller changes in drug concentrations than the conventional twofold serial dilution method (13) . In the case of penicillin, almost exactly equal distribution of drug between agar and broth was achieved in this in vitro system. For streptomycin, however, the concentrations in the broth which had been exposed to agar containing drug were only 50 per cent of those that would have obtained had equal distribution of the drug between agar and broth occurred. This yielded factors of 2 for penicillin and 4 for streptomycin, respectively, in determining the original concentration of these drugs in the agar by this method. Standard solutions of drug in broth were assayed concurrently with the unknown specimens.
RESULTS
Correlation of histopathological development of membrane and ability of penicillin to penetrate into agar. Six to seven agar discs were inserted into the peritoneal cavity of each of three rabbits. Two discs were aseptically removed and a blood sample was obtained alternately from one of the three animals at 1, 4, 8, 12, 21 and 28 days after implantation. The discs and blood specimens were obtained two hours following the intravenous administration of penicillin at a dosage of 12.5 mg per kg. One of the two discs removed was prepared for histological study of the surrounding membrane, whereas the other disc and the blood sample were assayed for penicillin content. From the standpoint of gross appearance, the membranes that formed around the agar discs progressed from a thin, filmy, fragile structure 24 hours after implantation to a tough, durable, fairly inelastic 1 to 2 mm thick tissue at 28 days. After 21 days in vivo, the discs had usually become fixed by a band of fibrous tissue to some organ or to the lining wall of the peritoneal cavity.
A histological review revealed that 24 hours after implantation the disc membrane consisted of a thin fibrin layer containing an abundant collection of polymorphonuclear leukocytes. By 4 days the fibrin layer had become denser and thicker. The cellular elements still consisted mostly of polymorphonuclear leukocytes which mostly fibroblasts, occasional giant cells could still be seen and evidence of early vascularization was observed. By 28 days after implantation in the peritoneal cavity, the membrane surrounding the agar disc had become a fairly thick layer of fibrous tissues with a moderate amount of early vascularization (Figure 1) . The collagen had become mature and well organized. An occasional giant cell and some round cells could still be seen.
A review of the histological material indicated that the dynamics of the development of this membrane were, first, an acute inflammation followed by a cleaning up of the cellular elements and debris of this initial reaction, and, finally, organization which progressed from a predominantly fibrinous structure to a fairly mature fibrous membrane.
In Figure 2 can be seen the results of the penicillin assay of the serum and agar discs that were obtained when the agar discs for histological study were removed. Two to three determinations were made for each of the penicillin assays in order to contrast such variables as the degree of dicing of the agar and agitation of the tubes. The drug was administered two hours prior to removal of the discs and blood sample. It is seen that the penicillin content of the agar discs is in the same range throughout the 28 day experiment, with the exception of an unaccountably low concentration on Day 21. It is thus valid to assume that in this experimental situation penicillin was able to pass through the membrane surrounding the agar discs as well at 28 days as at any earlier time interval.
Rate of penicillin transport across membrane at 24 hours and 28 days. Information concerning the comparative rate at which penicillin entered the agar at 1 day and 28 days after placing the discs in the peritoneal cavity may be obtained from Figures 3 and 4 . At both times the discs and blood samples were removed at various intervals up to 24 hours after intravenous penicillin administration.
The results of the 24 hour experiment may be seen in Figure 3 . For technical reasons, two animals were needed to complete the experiment. The serum concentrations fell off rapidly and were present in only negligible amounts after 2 hours, whereas the disc penicillin concentration 
FIG. 4. DISTRIBUTION OF PENICILLIN BETWEEN AGAR DISCS AND SERUM AT 28 DAYS AFTER IMPLANTATION OF DISCS IN PERITONEAL CAVITY OF RABBITS.
Penicillin injected two hours before removal of discs; 0 serum concentration; 0 agar concentration.
was highest between 2 and 4 hours and began to serting the discs into the peritoneal cavity of anfall off at 6 hours.
other rabbit. It was again observed that the In Figure 4 can be seen the results of the com-blood concentrations fell off rapidly whereas good panion experiment performed 28 days after in-agar concentrations, which were obtained early, persisted for 6 hours. From these studies it appeared that, not only was penicillin able to pass through the membrane to the same degree, but also at the same rate at 28 days as at 24 hours.
In Figure 5 may be seen the results of the serum-agar penicillin concentration relationships at 24 hours and at 28 days after insertion of the agar discs into three animals. At each study point in all animals, the drug was administered 2 hours before removal of the blood sample and the agar discs. The results were similar in all animals and again demonstrated the equal ability of penicillin to penetrate the membrane at 28 days as at 24 hours.
Penetration of streptomycin at 24 hours and 28 days. An experimental model similar to that used in the experiment described above ( Figure 5 ) may be seen in Figure 6 . In each of the three rabbits, blood samples and agar discs were removed 2 hours after the intravenous administration of streptomycin, 60 mg per kg. Determinations were conducted at 24 hours and at 28 days after implanting the agar discs intraperitoneally.
It is seen that comparable agar-serum streptomycin concentration relationships existed at 1 and at 28 days. There was a reasonable duplication of results in the three animals. It appears that streptomycin is as effective as penicillin in its ability to penetrate the membrane surrounding the agar disc 28 days after peritoneal implantation. The serum concentrations of streptomycin are seen to be higher than were the serum concentrations of penicillin ( Figure 5 ), although they were measured at a comparable period of time after administration of the drug. This demonstrates that streptomycin is cleared more slowly from the blood than is penicillin.
DISCUSSION
The results of these studies indicated that penicillin and streptomycin were able to enter the substance of agar discs that had been inserted into the peritoneal cavity of rabbits. These discs were made of unenriched agar and, accordingly, as has been previously reported (12, 14) , the subsistence of the experimentally implanted microorganisms depended entirely upon nutriment provided by the host. The present study has established that the distribution of these drugs into the agar occurred in an identical fashion whether they were administered immediately after implantation into the peritoneal cavity or 28 days thereafter, at which time a well organized fibrous membrane surrounded the agar disc. It was seen 851 I that the drug penetrated the agar disc at the same rate 24 hours or 28 days after peritoneal implantation, as is indicated in the penicillin studies.
The membrane about the agar disc developed in a manner comparable with that of an acute inflammatory process; there was an initial cellular reaction, followed by a gradual clearing of the cellular element and debris. Eventually, with the organization of the inflammatory reaction, the membrane matured from a predominantly fibrinous structure to a well developed fibrous process. The agar core, surrounded by the fibrous membrane, bore some resemblance to a "closed" tuberculous lesion with its core of solid caseous necrosis and its peripheral fibrous membrane.
Throughout the history of the development of antimicrobial drugs, the ability to penetrate some of the products of inflammation has rightly been considered a criterion of an effective therapeutic agent. Penicillin and streptomycin were the drugs employed in these studies because of their extensive use in the treatment of infections associated with the development of inflammatory barriers such as abscess walls, fibrinous vegetations, and other products of exudation and necrosis that potentially could impede the transport of a drug. As recently as 1951, abrasion of the lining of an abscess cavity was advocated because "substances such as penicillin probably do not penetrate granulation tissue" (15) .
The observations herein reported confirm in vitro and in vivo studies of others (8) (9) (10) (11) (12) 14 (17) .
The ability of drug-susceptible microorganisms to survive in mammalian tissues despite intensive antimicrobial therapy is a phenomenon that is poorly understood. The subject has been extensively reviewed by McDermott (18) . This phenomenon of microbial persistence has been demonstrated in the laboratory in experimental animals with tuberculous infections (19) and in other studies concerned with staphylococcal disease (20) . In both sets of studies a significant portion of the infecting microbial populations of tubercle bacilli or staphylococci was observed to persist in mouse tissues after prolonged therapy with the most effective antimicrobial substances available.
Among the possible explanations for this phenomenon are the emergence of drug-resistant organisms, the influence of the environmental characteristics of the inflammatory lesion, and factors of the drug dosage size. It could be conjectured that inflammatory barriers, such as the fibrous membranes surrounding the agar discs placed in the peritoneal cavity of rabbits described in this report, could support microbial persistence by impeding the penetration of the drug into the lesion. However, the transport of penicillin and streptomycin across this fibrous membrane occurred rapidly with both.
It is to be emphasized that the membrane utilized in these studies is probably not exactly like the inflammation seen in an actual infectious disease. It is fair to say, however, that the membrane represents the barrier by which a rabbit walls off an irritating substance in its peritoneal cavity, and that in its histological development it follows the classical anatomical course of inflammation and repair which is analogous to many of the inflammatory products associated with infectious processes.
SUMMARY
Placement of agar discs in the peritoneal cavity of rabbits was followed by development of a membrane which surrounded them. The nature of this tissue reaction followed the course of inflam-mation and repair and ultimately matured into a well organized fibrous membrane.
Penicillin and streptomycin were distributed into the discs equally as well after the development of the surrounding fibrous membrane as immediately after the intraperitoneal implantation of the discs. The rate of penetration of penicillin into the agar was similar whether or not the agar disc was surrounded by the fibrous membrane.
